ABSTRACT A system scheme for generating ultra-broadband microwave frequency comb (MFC) based on a semiconductor laser under optical injection of regular pulse from a current-modulated laser is proposed, and the performances of the generated MFC are numerically investigated. In such a scheme, a distributed feedback semiconductor laser (DFB-SL1) under current modulation with suitable modulated parameters can be driven into regular pulsing state, which is utilized as a seed MFC with tunable frequency interval to inject into another distributed feedback semiconductor laser (DFB-SL2) for producing optimal MFC with ultrabroadband and tunable frequency interval. The simulated results demonstrate that for a seed MFC with a bandwidth of 26.4 GHz (27.0 GHz) and frequency interval of 3.3 GHz (2.7 GHz), the bandwidth of the optimized MFC generated by DFB-SL2 can arrive at 72.6 GHz (75.6 GHz) through selecting appropriate injection parameters.
I. INTRODUCTION
It is well known that semiconductor lasers (SLs) have many unique virtues such as small size, low cost, and direct high-speed modulation. Under external disturbances such as optical injection [1] - [4] , optical feedback [5] , [6] , and optoelectronic feedback [7] - [9] , SLs can exhibit different dynamical states [1] - [17] including periodic oscillation, multi-periodic oscillation, chaos, harmonic frequency locking, regular pulsing state, and chaotic pulsing state. These nonlinear dynamical states can be extensively applied in optical chaotic communications [18] - [23] , random number generation [24] - [27] , radio-over-fiber communication [28] - [30] , all-optical frequency conversion [31] , laser chaos-based lidar [32] , microwave frequency comb (MFC) [33] - [36] , and so on.
Up to now, a number of SLs-based schemes for generating MFC have been proposed and investigated [33] - [36] . For example, Chan et al. [33] proposed a scheme for generating MFC by using the harmonic frequency-locked state output from a SL under negative optoelectronic feedback, and the bandwidth of the generated MFC is a few GHz. Juan and Lin et al. [34] , [35] experimentally investigated another scheme based on a SL subject to optical pulse injection from an optoelectronic feedback laser, and the bandwidth of MFC can reach 20.0 GHz within a ± 5 dB amplitude variation. For these schemes mentioned above, the ultrabroadband MFC may be difficult to acquire due to the limitation of electronic bandwidth of optoelectronic feedback loop. Recently, our group has experimentally produced MFC signals based on a current-modulated SL under optical injection, and the obtained MFC possesses a bandwidth of 57.6 GHz within ± 5 dB amplitude variation [36] , where the bandwidth is calculated under the case that the comb lines within low frequency region spanning from 0 GHz to 8.4 GHz have been excluded since they possess extremely strong power relative to other comb lines. To overcome this deficiency, in this paper, based on a semiconductor laser under regular pulse injection from a current modulated laser, we proposed and numerically demonstrated a scheme for producing ultrabroadband MFC with better amplitude flatness among comb lines even if the low-order harmonics have not been excluded. In such a scheme, current modulation is introduced to drive a distributed feedback semiconductor laser (DFB-SL1) into regular pulsing state, which is taken as the seed MFC to further inject into another distributed feedback semiconductor laser (DFB-SL2) for acquiring optimized MFC with ultrabroadband. The influences of some system operation parameters on the bandwidth of the finally optimized MFC are analyzed. Figure 1 is the schematic of our proposed system for generating ultra-broadband tunable MFC. In this system, a distributed feedback semiconductor laser (DFB-SL1) is driven into regular pulsing state through introducing current modulation, and then its output is injected into another distributed feedback semiconductor laser (DFB-SL2) after passing through a variable attenuator (VA) utilized to adjust the injection strength.
II. THEORETICAL MODEL
The rate equations for DFB-SL1 under current modulation and DFB-SL2 under optical injection can be expressed as follows [37] , [38] :
where the subscripts 1 and 2 correspond to DFB-SL1 and DFB-SL2, respectively. E represents the complex amplitude of optical field, and N accounts for the total carrier number. α is the linewidth enhancement factor. τ p is the photon lifetime, τ s is the carrier lifetime, τ in is the round-trip time in the laser cavity, and k represents the injection coefficient from DFB-SL1 into DFB-SL2. f is the frequency detuning between two lasers, i.e. f = f 1 -f 2 (f 1 and f 2 are the lasing frequencies of free running DFB-SL1 and DFB-SL2, respectively). I c is the bias current, I m is the amplitude of modulation current, and f m is the modulation frequency. e is the charge of an electron, β is the spontaneous emission factor, and ξ represents Gaussian white noise. G is the optical gain in the laser cavity and can be expressed as
where g is the differential gain coefficient, s is the gain saturation coefficient, N 0 is the carrier number at transparency.
III. RESULTS AND DISCUSSION
The rate equations (1)- (4) can be numerically solved by utilizing fourth-order Runge-Kutta algorithm. For convenient, we assume that DFB-SL1 and DFB-SL2 possess identical internal parameters, which are set as follows [38] :
The calculated power-current curve for the two free-running DFB-SLs is given in Fig. 2(a) . As shown in this diagram, the threshold current is about 9.8 mA under these parameters given above. Figure 2 (b) displays the variation of relaxation oscillation frequency with the bias current of the two lasers. Obviously, the relaxation oscillation frequency increases nonlinearly with the increase of bias current. In following discussions, the bias currents for both two DFB-SLs are fixed at 25.0 mA. Under this condition, the relaxation oscillation frequencies for the two lasers are about 8.2 GHz. It is well known that a current-modulated SL can output regular pulses under suitable modulation parameters, which can be used as the seed MFC whose frequency interval is easy to be tuned through adjusting the modulation frequency f m . Figure 3 shows time series (a) and power spectrum (b) output from DFB-SL1 under current modulation with a modulation frequency of f m = 3.3 GHz and a modulation amplitude of I m = 23.0 mA. As shown in Fig. 3(a) , the current modulated DFB-SL1 outputs a regular pulse train with a time interval of 0.303 ns, which is equal to the reciprocal of f m (= 3.3 GHz). Correspondingly, the power spectrum (shown in Fig.3 (b) ) is comb-like with a frequency interval of f m . Here, we follow the ± 5 dB bandwidth criteria in [34] and [35] , in which the MFC bandwidth was defined as the continuous frequency range within which the power differences between the highest comb line and the others are no more than ± 5 dB. Adopting such a bandwidth definition, the bandwidth of the seed MFC shown in Fig. 3(b) is approximately 26.4 GHz.
To further explore the dependence of the bandwidth of the seed MFC on modulation frequency f m and modulation amplitude I m , Fig. 4 presents an evolution map of the bandwidth of the seed MFC in the parameter space of f m and I m . Here, we only concern the region in which the current-modulated DFB-SL1 is operating at regular pulse state (shown by colors in Fig. 4) . In this diagram, the bandwidths of the seed MFCs are distinguished via different colors, where the dark blue denotes the bandwidths of the seed MFCs below 5 GHz and the red indicates the bandwidths of the seed MFCs beyond 25 GHz. From this diagram, one can see that, for a given f m , a larger I m is helpful for obtaining a seed MFC with larger bandwidth. The reason is that a larger I m means a larger modulation depth, which results in stronger modulation sideband. Naturally, the corresponding power spectrum possesses wider bandwidth. Since the comb interval of the seed MFC generated by current-modulated DFB-SL1 is solely determined by the modulation frequency f m , it can be easily tuned by adjusting f m . In the following VOLUME 6, 2018 FIGURE 1. Schematic of the proposed system for generating ultra-broadband tunable MFC. DFB-SL: distributed feedback semiconductor laser; VA: variable attenuator. discussion, unless otherwise indicated, we take the MFC obtained under f m = 3.3 GHz and I m = 23.0 mA as the seed MFC, which is injected into DFB-SL2 for producing MFC with wider bandwidth. Figure 5 (a1) and (a2) display the time series and power spectrum of regular pulse signal output from DFB-SL1 under current modulation with f m = 3.3 GHz and I m = 23.0 mA, respectively. As shown in Fig. 5(a1) and (a2), the 3-dB pulse width of the regular pulse is about 13.76 ps, and the powers of initial low-order harmonics are greater than that of highorder harmonics. As a result, the bandwidth is relatively small (about 26.4 GHz). By injecting the regular pulses shown in Fig. 5(a1) and (a2) into DFB-SL2, the time series and power spectrum output from DFB-SL2 under injection coefficient k = 2.00 and frequency detuning f = 39.0 GHz are given in Fig. 5(b1) and Fig. 5(b2) , respectively. Obviously, the comb lines locating at high frequencies of the optimized MFC generated by the DFB-SL2 are significantly enhanced. As a result, the bandwidth of the finally optimized MFC can reach 72.6 GHz. It is obvious that the injection parameters seriously affect the output characteristics of an optical injection laser. Firstly, we fix the injection coefficient k at 2.00 and inspect the impact of the frequency detuning f . Figure 6 shows the power spectra output from the DFB-SL2 under k = 2.00 with different f values. For f = 29.0 GHz (Fig. 6(a) ), the MFC bandwidth is 29.7 GHz. For f = 30.0 GHz (Fig. 6(b) ), much more higher-order harmonics are included within the range of ± 5 dB amplitude variation, and the MFC bandwidth is improved to 39.6 GHz. Further increasing the frequency detuning f to 31.0 GHz (Fig. 6(c) ) and 32.0 GHz (Fig. 6(d) ), the powers of high-order harmonics are obviously enhanced and the power spectra become very flat, and the bandwidths of optimized MFCs are 66.0GHz and 69.3GHz, respectively. However, for f = 33.0 GHz (Fig. 6(e) ), a valley emerges at 36.3 GHz in the power spectrum, and its power is beyond ±5 dB amplitude variation. As a result, the MFC bandwidth is only 33.0 GHz. For f = 34.0 GHz (Fig. 6(f) ), the Above results demonstrated that different values of frequency detuning will result in different power spectrum distribution and different MFC bandwidth. In order to systematically reveal the influence of frequency detuning, Fig. 7(a) depicts the variation of the bandwidth of optimized MFC with the frequency detuning f under k = 2.00 for (f m , I m ) = (3.3 GHz, 23.0 mA). From this diagram, it can be seen that, with the increase of f , the MFC bandwidth presents an oscillation, and the amplitude of the oscillation behaves an increase trend until f = 40.0 GHz. The reason for the oscillation variation of the bandwidth is mainly due to the power spectrum distribution jointed by the bandwidth definition used in this work. As pointed out above, the bandwidth of the MFC is defined as the continuous frequency range within which the power differences between the highest comb line and the others are no more than ± 5 dB. Therefore, gradually inspecting the comb lines from highest comb line to the others, once the power for certain comb line is over ± 5 dB amplitude variation, the bandwidth is determined even if the powers of subsequent higher-order harmonics are within ± 5 dB amplitude variation. For DFB-SL2 under pulse injection, the power spectrum is depended on the power spectrum distribution of the injection light, the relaxation oscillation frequency and the frequency detuning. The jointed action of these factors results in the complicated variations of the power spectrum distribution (as shown in Fig. 6 ) and the bandwidth of the optimized MFC (as shown in Fig. 7(a) ). The maximum of bandwidth is acquired under f = 39.0 GHz. In addition, for f above 42.0 GHz, the DFB-SL2 is rendered into other states, which is unsuitable for generating MFC. As mentioned above, the tunablity of the frequency interval of the generated MFC can be realized through tuning f m . Certainly, for different f m , the modulation-current amplitude (I m ) of the DFB-SL 1 should be optimized. In Fig. 7(b) , we give the corresponding simulated results under (f m , I m ) = (2.7 GHz, 21.0 mA). Obviously, the similar variation trend can be observed.
Above results are obtained under a fixed k and varied f . Next, we fix the frequency detuning f at 39.0 GHz and discuss the influence of the injection coefficient k. Figure 8 shows the power spectra output from DFB-SL2 under f = 39.0 GHz with different values of k. As shown in Fig. 8(a) , for k = 1.72, the comb lines at the low frequencies of the power spectrum present fluctuations significantly, and the MFC has a 13.2 GHz bandwidth. For k = 1.79, the generated MFC has a bandwidth of 29.7 GHz (as shown in Fig. 8(b) ). Further increasing the injection coefficient k (Fig. 8(c) and (d) ), the powers of the comb lines at high frequencies are strengthened and the power spectra become more flat. When k = 2.00 ( Fig. 8(e) ), the MFC with 72.6 GHz bandwidth can be acquired. However, when the injection coefficient is further increased to 2.07 ( Fig. 8(f) ), the bandwidth of the MFC is decreased to 36.3 GHz. 
IV. CONCLUSIONS
In summary, we have proposed a scheme for generating ultrabroadband microwave frequency comb (MFC) based on a semiconductor laser under optical injection of regular pulse from a current modulated laser, and the performances of the generated MFCs are numerically investigated. A currentmodulated DFB-SL (DFB-SL1) operating at regular pulsing state is utilized to generate the seed MFC, whose comb interval can be easily tuned by adjusting the modulation frequency. Such a seed of MFC is injected into another DFB-SL (DFB-SL2) for producing optimized MFC with wider bandwidth. The simulated results show that, for the seed MFC with a bandwidth of 26.4 GHz (27.0 GHz) generated by DFB-SL1 under f m = 3.3 GHz (2.7 GHz), the bandwidth of finally optimized MFC can arrive at 72.6 GHz (75.6 GHz) under appropriate injection parameters. Also, the variations of optimized MFC bandwidth with the frequency detuning and injection coefficient are analyzed.
